Introduction
The complex life history of most benthic marine organisms includes a larval stage which disperses in the open ocean for days to months before settling to the benthos. As direct tracking of larvae is challenging, modelling this transit is an important tool for predicting recruitment and population dynamics. Modelled larval trajectories through the ocean are typically a function of physical oceanography and active larval behaviour and new climatologically driven hydrodynamic models are providing increasing resolution for predicting larval dispersal [1] . Sophisticated biophysical and individual-based models also incorporate larval feeding and mortality [2] . As prey fields are patchy and largely driven by the physical environment, larval survival is tightly linked to oceanographic features encountered by larvae during the pelagic stage. However, owing to the relatively few empirical data on the effect of larval encounter with particular oceanographic features, there is generally a mismatch between the resolution of physical oceanography and our knowledge of larval fish response [3] .
Mesoscale eddies (MEs) are ubiquitous features in the world's oceans and the upwelling dynamics of eddies can support increased primary [4] and secondary productivity [5] . In addition, both predators and spawners often target convergent zones of eddies [6, 7] , suggesting that both the nutrient enrichment and concentration of prey provided by MEs are important to a diversity of organisms. Cyclonic MEs frequently pass through the Straits of Florida (SOF) and are important in transporting reef fish larvae to the Florida Keys reef [8] . However, because of the increased production resulting from upwelling in the centre of cyclonic MEs, the ecological importance of these pelagic habitats may extend beyond transport and play a vital role in providing enhanced feeding opportunities for larval fishes during their journey to the reef.
To date, the hypothesis that residence in an eddy leads to higher larval growth rates is largely untested (but see [9] ), yet there is much speculation as to the role of MEs as essential larval habitat [10, 11] . The objective of our study was to rsbl.royalsocietypublishing.org Biol. Lett. 11: 20140746 directly sample MEs in the SOF to determine the influence of eddies on larval reef fish growth rates.
Material and methods
Sampling was conducted during three 15-16-day cruises in the summers of 2007 (May 29-June 13, July 30-August 13 and 2008 (June 17-July 1). During each cruise, ichthyoplankton samples were collected at seven stations along each of six cross-shelf transects spanning the western SOF where MEs form coherent structures and have relatively long residence times. At each station we collected ichthyoplankton using a modified Multiple Opening Closing Net and Environmental Sensing System (MOCNESS [12] ). The MOCNESS sampled discrete 20 m depth bins down to 80 m using paired nets (4 and 1 m 2 ) fitted with 1 mm and 150 mm mesh, respectively. All tows were conducted during daylight hours and a flowmeter attached to the MOCNESS measured sample volume. All ichthyoplankton samples collected with the large-mesh nets were processed by separating all fish larvae from other plankton and identifying each specimen to the lowest possible taxonomic level.
The MEs were located using a suite of physical data (see electronic supplementary material S1). A ship-mounted 76.8 kHz RD Instruments Acoustic Doppler Current Profiler (ADCP) sampled the water column. Sensors attached to the MOCNESS collected temperature, salinity and fluorescence data, and two Lagrangian drifters (Technocean) drogued at 15 m were deployed during each cruise. Larvae collected at stations inside an eddy were classified as eddy (ED) fish while those collected well outside an eddy were termed non-eddy (NE) fish.
Based on sample sizes and the ability to morphologically identify individuals to the species level, five species of reef fish were chosen for otolith analysis: Xyrichtys novacula ( pearly razorfish), Thalassoma bifasciatum (bluehead wrasse), Cryptotomus roseus (bluelip parrotfish), Sphyraena barracuda (great barracuda) and Stegastes partitus (bicolour damselfish). We followed standard procedures for analysing otolith microstructure of a subset of fish (from all depth bins) from each species to obtain individual growth rates and ages ( [13] ; see also electronic supplementary material S2). Sagittal (X. novacula, T. bifasciatum, C. roseus) or lapillar (S. barracuda, S. partitus) otoliths were read at least twice along the longest axis at 400Â magnification (or 1000Â for S. barracuda).
We compared 'recent larval growth' between ED and NE groups by averaging growth of each individual over the last three full days of larval life as the exact timing of larval entrainment in each eddy could not be determined. This measure of recent growth was then compared between groups using analysis of covariance (ANCOVA) with age as a covariate. In instances where a significant interaction between age and group (i.e. ED and NE) precluded the interpretation of ANCOVA results, ED and NE fish were split into a young group (youngest half of the samples) and an old group (oldest half of the samples) and an ANCOVA conducted separately for each age group, also with age as a covariate.
Results
Two cyclonic MEs were present during each of the three cruises, with one (eddy 2) present during two sampling periods (figure 1; see also electronic supplementary material S1). Sample sizes permitted tests of growth differences between ED and NE larvae for X. novacula and T. bifasciatum age and group necessitating the division of samples into young and old groups for separate ANCOVA analysis. After dividing samples, only one significant interaction between age and group remained (i.e. T. bifasciatum young fish), so this group was removed from the analysis.
For four of the five species of reef fish, ED larvae had significantly faster recent growth than NE larvae (figure 2). For X. novacula, T. bifasciatum and C. roseus, higher recent growth of ED fish was evident in each of two different time periods. For S. barracuda, young ED larvae grew significantly faster than young NE larvae in August 2007. Recent growth of S. partitus did not differ between ED and NE larvae.
Discussion
Larval reef fishes must obtain sufficient food to grow, survive and successfully disperse from source to settlement habitats. Here we demonstrate that larval encounter with distinct physical oceanographic features that promote productivity significantly enhances larval growth and probably contributes to successful population replenishment. Using otolith microstructure to examine the recent growth of larvae sampled inside and outside five cyclonic MEs, we show that in 7 of 10 comparisons, growth was significantly faster in larvae sampled from eddy stations. Fast growth of larvae in MEs was consistent across three sampling periods over two summers and across four species of reef fish from three different families. This finding echoes a study showing that 6-8 mm (but not 9 -11 mm) anchovy larvae were of higher condition (RNA/DNA ratio) in a frontal eddy of the Kuroshio Current than they were in inshore and offshore stations [9] . Reef fish larvae in our study ranged in size from approximately 3 to 11 mm (standard length) and larvae of all sizes exhibited faster growth in MEs.
While there are few studies comparing growth and condition of fish larvae sampled inside and outside eddies, a large body of empirical data points to likely trophic mechanisms of fast growth for larval fishes in eddies. High levels of primary and secondary productivity have been identified in MEs across a range of geographical locations (e.g. [14, 15] ). Similarly, cyclonic MEs in the SOF are highly productive, with upwelling of cool water at the centre of these eddies leading to increased levels of nutrients, chlorophyll a and copepod abundances [16, 17] . Copepods are a major component of the diet of a variety of larval reef fish [18] , and fuller guts have been associated with higher growth in reef fishes [13] ; thus the high productivity of MEs probably cascades up to enhance larval growth. Higher growth in eddies was not temperaturerelated as temperature was lower at ED than at NE stations (electronic supplementary material, table S2). Likewise, similar age/size distributions across stations indicate that growth differences were probably not due to differential predation (electronic supplementary material S2).
The fast growth we observed for larvae sampled in MEs has important implications beyond the larval stage. Higher growth is generally associated with higher survivorship [19] , and thus higher recruitment to benthic populations [20] . Furthermore, faster growth during the larval stage has been shown to lead to increased survival in juveniles on the reef [21] . If fast growth of larvae from MEs leads to increased recruitment and these larvae preferentially survive as juveniles, then larvae retained in such eddies may contribute disproportionately to the replenishment of reef fish populations.
Data accessibility. Biological data are available from the Biological and Chemical Oceanography Data Management Office (http://www. bco-dmo.org/dataset/529658) and physical data from the National Oceanographic Data Center (http://data.nodc.noaa.gov/cgi-bin/ iso?id=gov.noaa.nodc:0066847).
